ABSTRACT The complete nucleotide sequence of the 16S RNA gene from the rrnB cistron of Escherichia coli has been determined by using three rapid DNA sequencing methods. Nearly all of the structure has been confirmed by two to six independent sequence determinations on both DNA strands. The length of the 16S rRNA chain inferred from the DNA sequence is 1541 nucleotides, in close agreement with previous estimates. We note discrepancies between this sequence and the most recent version of it reported from direct RNA sequencing [Ehresmann, C., Stiegler, P., Carbon, P. & Ebel, J. P. (1977) FEBS Lett. 84, 337-341]. A few of these may be explained by heterogeneity among 16S rRNA sequences from different cistrons. No nucleotide sequences were found in the 16S rRNA gene that cannot be reconciled with RNase digestion products of mature 16S rRNA. rRNA is becoming increasingly important in our current perception of the mechanism of action of ribosomes. In particular, we wish to understand more fully the functional role of 16S rRNA, the major molecular component of the small ribosomal subunit of prokaryotes. 16S rRNA has been directly implicated in discrimination of mRNA initiation sites (1, 2), tRNA binding (3, 4), and association of the two ribosomal subunits (5, 6). Full understanding of the workings of the ribosome consequently are becoming limited by our lack of knowledge of rRNA structure. Such information will also be essential for elucidation of the process by which these complex structures assemble themselves. Finally, we expect to gain insight into such diverse problems as protein-nucleic acid recognition and the evolutionary origin of the coding process from a more thorough knowledge of rRNA structure.
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Partial nucleotide sequences for 16S RNA have been published (7) (8) (9) . However, numerous discrepancies in oligonucleotide sequences (6, 10, 11) and in the ordering of oligonucleotides (6, (12) (13) (14) have been reported by other investigators. Additional evidence for sequence errors comes from restriction endonuclease mapping of a 16S RNA gene: some cleavage sites predicted from the published sequences were not found (unpublished data). Finally, chemical (6, 12, 15) and enzymatic (7, 8, 16) probes have been used to detect single-stranded regions of 16S RNA; the lack of agreement of these findings with the proposed secondary structure derived from the published sequences further suggests error in the primary structure. In view of the possible misinterpretation of various biochemical studies involving 16S RNA, we were prompted to reinvestigate its primary structure.
The availability of rapid DNA sequence methods made possible the derivation of the nucleotide sequence of 16S RNA by direct sequencing of the 16S rRNA gene from the rrnB cistron of Escherichia coli. We present here the complete sequence of the portion of the cistron corresponding to mature 16S RNA. Reported discrepancies with the previously published sequence have been confirmed, and additional errors have been found involving oligonucleotide sequences, ordering of oligonucleotides, and, in one instance, the location of a larger section of the primary structure. No nucleotide sequences were found that cannot be accounted for from the RNase digestion products of mature 16S rRNA.
METHODS
Cloning and Mapping of DNA. The 16S rRNA gene from the rrnB cistron of E. coli was cloned from two EcoRI restriction fragments of Xrifdl8 (17, 18) in the ColEl plasmid vector. Determination of the location of the 16S rRNA sequences and restriction enzyme cleavage sites will be described elsewhere. The small HindIII fragment from pER24 was excised and reinserted into the vehicle pBR322 (19) to give the recombinant plasmid pKK115 (see Fig. 1 ). All recombinant DNA experiments were carried out under P1, EK1 conditions, as specified in the National Institutes of Health guidelines.
Generation of DNA Restriction Fragments. Plasmid DNA was isolated and digested on a milligram scale with EcoRI or HindIII, and the inserted sequence was resolved from the cloning vector by sucrose gradient centrifugation (20) . The purification of restriction enzymes Alu I, Hpa II, EcoRI, Sna I, Bgl II, and HindIII will be described elsewhere; Hae (23) . Deoxynucleoside triphosphates labeled in the a position with 32p (200-300 Ci/mmol) were obtained from New England Nuclear. Dideoxynucleoside triphosphates were obtained from P-L Biochemicals; DNA polymerase I and its proteolytic fragment lacking 5' exonuclease activity were from Boehringer. Sequence determinations by the "plus and minus" method or by the "terminator" method were carried out as described (21, 22) .
4801
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Fig. 1 (25) . Excess ATP and phosphate were removed by passing the reaction mixture through a column of Sephadex G-75 in 2.5 mM Tris-HCI/1 mM NaCl, pH 7.4, poured in a 1-ml disposable pipet. The peak containing the labeled DNA was Iyophilized and taken up in 50 ,l of 0.02 M Tris borate, pH 8.3/0.5 mM EDTA, and the labeled restriction fragments were resolved by electrophoresis on an 8% polyacrylamide gel (0.5 X 20 X 40 cm) as described above. DNA fragments were located by radioautography and eluted as described above. Singly end-labeled DNA was obtained by strand separation on 8% acrylamide/0. 13% bisacrylamide gels (0.5 X 20 X 40 cm) (26) after the DNA sample was dissolved in 0.3 M NaOH/1 mM EDTA/10% (vol/vol) glycerol/0.05% xylene cyanol/0.05% bromophenol blue or by recleavage of the double-stranded DNA with a second restriction endonuclease.
Chemical treatment of the end-labeled DNA was performed essentially as described (24) except that a saturated solution of NaCl was used for cytidine suppression, 1 M instead of 0.5 M piperidine was used for the pyrimidine reactions, and piperidine was removed under reduced pressure at 600 instead of by lyophilization. Sequence gels were constructed and run essentially as described (27) .
RESULTS AND DISCUSSION Sequencing Strategy. The 16S RNA gene from the E. coli rrnB cistron was conveniently isolated in two EcoRI fragments from the transducing phage Xrifdl8 (17, 18) . These fragments were cloned by insertion at the EcoRI site of ColEl plasmid, as shown in Fig. 1 . Because of the difficulty in growing large amounts of the recombinant plasmid pER24, presumably due to the presence of phage genes in the plasmid, the small HindIII fragment was excised from pER24 and reinserted into the vehicle pBR322 (19) . Residues 1-80 and 648-673 and the sequence preceding the 5' terminus of 16S RNA were obtained from pER24, residues 81-647 were from pKK115, and residues 674-1541 and the sequence following the 3' terminus were from pER18. Fig. 2 The ends of the 16S rRNA and positions of methylated nucleotides were identified by comparison with RNA sequence results (1, 6-10, 28-31, and unpublished). For comparison with the sequences reported by Ehresmann et al. (7) (8) (9) , the positions of their lettered sections is given. In some cases (e.g., section I") the assignment of these sections was necessarily approximate.
and by sequencing both DNA strands, except for residues 1-80, 288-336, 652-673, and 1513-1541, which were sequenced on only one strand.
Sequence Results. Examples of sequence gels are shown in Fig. 3 . By use of thin gels (27) and other minor modifications, it was often possible to read sequences accurately to about 250 base pairs from the proximal end of a fragment. Fig. 4 shows the complete nucleotide sequence of the 16S RNA as derived from the gene sequence. The total length of the chain is 1541 nucleotides, in close agreement with earlier estimates based on chemical methods (9, 32) but somewhat less than values predicted from physicochemical methods (33) (34) (35) .
Comparison with Previous Sequence Results. Two conflicting catalogs of RNase T1 oligonucleotides have been published for E. coli 16S RNA (8, 36 Woese and coworkers (11, 36) . In the most recently published version of their sequences, Ehresmann et al. (9) reported much closer agreement with the latter catalog, but a few discrepancies remain. There are no differences between the final catalog of T1 oligonucleotides as determined by the Woese group and those in the present sequence (Fig. 4) , with the apparent exception of two modified oligonucleotides, whose general forms are C-C-N-C-G (positions 524-528) and N-C-C-G (positions 1401-1404) (refs. 10 and 11; C. Woese, personal communication). The differences, however, are trivial in that they concern only the identification of the modified nucleotides itself. Woese and coworkers incorrectly assumed that N in the pentanucleotide corresponds to 4 Cm and therefore N in the tetranucleotide is 7G (C. Woese, personal communication).
A serious source of discrepancy between the sequence presented here and that by Ehresmann et al. (9) is in the alignment of oligonucleotides. This has been previously noted in instances Proc. Natl. Acad. Sci. USA 75 (1978) 4805 in which kethoxal modification studies have provided ordering of adjacent oligonucleotides (6) , in a recent study using rapid RNA sequencing techniques (13) , and in other studies using DNA methods (14) . A prominent example of this problem is the region 398-504 (Fig. 4) . In the latest version of the sequence of Ehresmann et al. (9) , 43 nucleotides originating from positions 462-504 are inserted at position 432/433. The remaining differences between the sequence presented here and the previous one (9) concern small sections of the molecule, and many involve the insertion or deletion of monoor dinucleotides. In all, we note discrepancies involving about 200 nucleotides. A few of these differences might be due to sequence heterogeneity among the various rRNA cistrons, for which evidence has been presented (7) (8) (9) (10) 34 Consequences of Sequence Changes for Secondary Structure Prediction. Previously, we noted that a majority of the sites of kethoxal modification of 16S RNA, which must be single stranded (37) , have been assigned to double-stranded structures in the secondary structure model for 16S RNA proposed by Ehresmann et al. (8) . Furthermore, some of the sites of nuclease attack observed under partial digestion conditions reported by these authors (7, 8) are inconsistent with their model. As anticipated, the sequence in Fig. 4 gives rise to a very different secondary structure prediction, in which these conflicts are largely resolved. A secondary structure model based on this sequence as well as a discussion of the structural and functional implications of these findings will be presented elsewhere.
Possible Coding Functions of 16S RNA. The use of rRNA as messenger by the cell has often been considered. Examination of the 16S rRNA sequence in Fig. 4 shows that most AUG or GUG triplets are followed by in-phase termination codons after a short interval. One exception is the AUG triplet at position 1187, which has no in-phase terminator until position 1439, allowing for a translation of a sequence of 84 amino acids. Furthermore, preceding the initiator codon by a distance of nine nucleotides is the sequence G-G-A-G-G, which would allow a favorable base-paired interaction with the 3'-terminal sequence of 16S rRNA in the mRNA recognition mechanism proposed by Shine and Dalgarno (1) . Whether this theoretically possible message is in fact translatable in ivo is open to question. We have searched the sequence for possible homology with known E. coli protein sequences, including the ribosomal proteins, without success. it is most likely that translation of this sequence is precluded by formation of stable secondary structure of the RNA and by binding of ribosomal proteins. 
